Introduction
Natural killer (NK) cells are CD56 ϩ CD3 Ϫ large granular lymphocytes that constitute approximately 10% of the peripheral blood lymphocytes and represent one component of the innate immune system. NK cells have been recognized as a part of the body's essential first line of defense and play a critical role in combating both infectious pathogens and malignant transformation. 1 NK cells possess rapid cytotoxic capacity and rapid deployment of a variety of cytokines (eg, interferon-␥ [IFN-␥] and tumor necrosis factor-␣), both of which contribute toward the innate defense. [2] [3] [4] Recently, in both murine and human mucosal-associated lymphoid tissue, a novel subset of NK cells, called NK-22 cells, which produces the T H 17 cytokine interleukin-22 , and thus probably plays an important role in mucosal immunity, has been identified. [5] [6] [7] [8] [9] [10] [11] We recently identified 5 discrete stages of human NK-cell development in secondary lymphoid tissue (SLT) 12, 13 and subsequently noted that a majority of stage III immature NK cells constitutively express IL-22, whereas stage IV NK cells are CD56 bright , express abundant CD94, and secrete IFN-␥ after activation. 8, 13 Mature human NK-cell subsets can be distinguished phenotypically by their relative density of CD56 surface expression. Peripheral blood NK cells are composed of CD56 bright (ϳ 10%) and CD56 dim (ϳ 90%) NK-cell subsets, which are functionally distinct. On activation, CD56 bright NK cells proliferate and secrete abundant cytokines, such as IFN-␥, but display minimal cytotoxic activity at rest; in contrast, CD56 dim NK cells have little proliferative capacity, produce negligible amounts of monokine-induced IFN-␥, yet are highly cytotoxic at rest. 14, 15 Whether these 2 NK-cell subsets represent distinct and terminally differentiated cell types or represent a continuum of NK-cell differentiation has long been debated. There is now some good experimental evidence that NK-cell development proceeds from a CD56 bright to CD56 dim phenotype, [16] [17] [18] yet definitive in vivo proof of this in humans has been elusive. Logic would dictate that, if there is a continuum of NK-cell differentiation from a CD56 bright to CD56 dim phenotype in vivo, one should be able to identify a subset of "intermediary" NK cells in humans that possess some overlap of the relatively distinct properties attributed to CD56 bright and CD56 dim cells; however, such a subset has not yet been identified.
CD94 is a type II integral membrane protein that is related to the C-type lectin superfamily 19 and can covalently associate with 5 different members of the NKG2 family (NKG2A, B, C, E, and H), but not with NKG2D. 20 The natural ligand for these CD94/ NKG2 heterodimers is the nonclassic major histocompatibility complex class I molecule HLA-E in humans. 20 As noted earlier, human NK cells acquire high surface expression of both CD94 and CD56 at stage IV during NK development in SLT, and this CD94 high CD56 bright phenotype is coincident with the cell's ability to first secrete abundant IFN-␥ after cytokine stimulation. 13 In the current study, we search for a functional and possible developmental intermediary between the CD56 bright NK cell and the CD56 dim NK cell using the density of CD94 surface expression. We show that the CD94 high CD56 dim NK-cell subset has lower granzyme B expression, lower perforin expression, and lower CD94-mediated redirected killing compared with the CD94 low CD56 dim NK-cell subset, although it can traffic to SLT and secrete IFN-␥ in response to monokine stimulation with somewhat less potency compared with the CD56 bright NK population. The discovery of this functional NK-cell intermediary in vivo supports the notion that the human CD56 bright NK cell probably does progress through a continuum of differentiation to become a cytolytic CD94 low CD56 dim NK cell.
Methods

Reagents
The following fluorescently labeled anti-human monoclonal antibodies (mAbs) were purchased from BD Biosciences PharMingen: CD3, CD25, CD122, CD2, CD43, CD16, CD161, CD117, CD158a (detects KIR2DL1/ S1), CD158b (detects KIR2DL2/L3), NKAT2 (detects KIR2DL3), CD62L, CD27, CD11b, HLA-DR, CD69, IFN-␥, and the unconjugated mouse anti-human CD94 mAb (clone HP-3D9). The anti-human antibodies for CD56, NKp30, NKp44, NKp46, NKG2D, NKG2A, and CD158e1/e2 (KIR p70, detects KIR3DL1/S1) were purchased from Beckman Coulter. CCR7, NKG2C, KIR3DL1, and the anti-human CD94 mAb used for cell sorting were purchased from R&D Systems, whereas the CD94 mAb and its isotype control IgG used for phenotypic analysis by flow cytometry were purchased from BD Biosciences PharMingen.
Flow cytometry
NK cells were enriched from peripheral blood leukopacks of healthy donors (American Red Cross, Columbus, OH) using RosetteSep cocktail (StemCell Technologies) as previously described. 21 The enriched NK cells were stained with antibodies and analyzed on a FACSCalibur (BD Biosciences) to detect expression of the indicated antigen. Human NK cells were gated as CD56 ϩ CD3 Ϫ lymphocytes for further analysis.
Where indicated, 3 NK-cell subsets, CD94 high CD56 bright (or CD56 bright ), CD94 high CD56 dim , or CD94 low CD56 dim , were sorted by fluorescenceactivated cell sorter (FACS) from fresh leukopacks to greater than 98% purity from RosetteSep-cocktail-enriched NK cells after surface staining with CD3, CD56, and CD94 antibodies and gating on CD3 Ϫ cells. A typical pre-and post-FACS analysis of the 3 NK-cell subsets is shown in supplemental Figure 1 (available on the Blood website; see the Supplemental Materials link at the top of the online article). All experiments were performed with the approval of the Ohio State University Institutional Review Board.
NK-cell stimulation in vitro and IFN-␥ detection by enzyme-linked immunosorbent assay and flow cytometry
The aforementioned 3 NK-cell subsets were rested in vitro in 96-well round-bottom plates in medium without cytokines for approximately 2 hours, and an equal number of cells from each subset were then costimulated overnight with recombinant human IL-12 (rhIL-12; 10 ng/ mL) plus rhIL-15 (100 ng/mL), or rhIL-12 plus rhIL-18 (100 ng/mL) for indicated time. Supernatants were collected for detection of IFN-␥ by enzyme-linked immunosorbent assay (ELISA) as previously described. 21 rhIL-12 was kindly provided by Genetics Institute Inc, rhIL-15 was kindly provided by Amgen, and rhIL-18 was purchased from R&D Systems.
Flow analysis was used to evaluate intracellular IFN-␥ content. For this purpose, GolgiPlug (1 L GolgiPlug per milliliter medium, BD Biosciences PharMingen) was added 4 hours before harvesting cells. The harvested cells were surface stained with anti-CD56-PE, anti-CD3-PEcy7, and anti-CD94-FITC mAbs (BD Biosciences PharMingen), then fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences), and underwent intracellular staining with an anti-human IFN-␥ APC mAb (1:25 dilution) or isotype control-APC mAb (BD Biosciences PharMingen). Analyses to estimate IFN-␥ production were performed on a FACSCalibur or FACS LSR II cytometer (BD Biosciences) using the CellQuest or Diva (BD Biosciences) software program.
Standard 51 Cr release cytotoxicity assay and CD94-mediated redirected killing assay Cytotoxic activity of each FACS-sorted human NK subset (CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim ) against the K562 target cell line was assessed using a standard 51 Cr release assay. All sorted NK-cell subsets were added to 5000 51 Cr-labeled K562 target cells per well in triplicate at an effector/target ratio of 2.5:1 or 5.0:1 in 96-well V-bottom plates, which were briefly centrifuged before a 4-hour incubation. After the incubation, supernatants were harvested and counted in a gamma counter to assess 51 Cr release as a measure of target cell lysis.
For CD94-mediated redirected killing assay, the sorted 3 NK-cell subsets (CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim ) were cultured with IL-2 (100 U/mL) for 4 days. A total of 50 000 cells of each cultured subset were then added to V-bottom wells containing 5000 murine P815 mastocytoma cells (10:1 effector/target), which had been preincubated with the unconjugated anti-human CD94 mouse mAb for 30 minutes, followed by the 4-hour 51 Cr release assay.
Real-time polymerase chain reaction
Total mRNA was extracted immediately from the sorted 3 NK-cell subsets (CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim ) using a RNeasy kit (QIAGEN) and used to synthesize cDNA according to the manufacturer's instructions (Invitrogen). The primer and probe sequences for human granzyme B (GZMB) are as follows: forward primer 5Ј-TCCTAAGAACTTCTCCAACGACATC-3Ј, reverse primer 5Ј-GCACAGCTCTGGTCCGCT-3Ј, and probe 5Ј-FAM-TGCTACTG-CAGCTGGAGAGAAAGGCC-3ЈTAMRA; for perforin 1 (PRF1) are as follows: forward primer 5Ј-CAGCACTGACACGGTGGAGT-3Ј, reverse primer 5ЈGTCAGGGTGCAGCGGG-3Ј, and probe 5ЈFAM-CCGCTTCTACAGTTTCCATGTGGTACACACTC-3ЈTAMRA. Realtime polymerase chain reaction (PCR) was performed on an ABI Prism 7900HT (Applied Biosystems), normalized to an 18S internal control and then analyzed by the ⌬⌬Ct method as previously described. 21 
Western blotting
To assess STAT signaling, direct cell lysates or total protein extractions were prepared from sorted CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets treated for 30 minutes in media with or without rhIL-12 (10 ng/ mL), rhIL-12 plus rhIL-15 (100 ng/mL), or rhIL-12 plus rhIL-18 (100 ng/ mL). Western blotting was performed as previously described. 21 Assessment of ␤-actin by Western blotting was included to control for protein loading. Antibodies used for Western blotting are as follows: rabbit mAb phospho-STAT5 Tyr694 (Cell Signaling), rabbit mAb phospho-STAT4 Tyr693 (Invitrogen), rabbit mAb phospho-STAT3 Tyr705 (Cell Signaling), mouse mAb STAT4 (Invitrogen), and goat polyclonal Ab ␤-actin (Santa Cruz Biotechnology).
Statistical analysis
Because repeated measures were collected from the same donors for many outcomes, linear mixed effects models or paired t test was used for analysis by taking into account the dependency of these repeated measures. The Tukey method was used to correct for multiple comparisons, and the adjusted P value was calculated. An adjusted P value less than .05 is considered significant for a comparison test among multiple comparisons.
Results
Phenotypic dissection of CD56 dim NK-cell subsets based on the relative density of CD94 surface expression
We first gated on CD3 Ϫ CD56 ϩ NK cells for assessment of CD94 expression. It was noted that nearly all CD56 bright NK cells, which are thought to be the most potent NK-cell subset for IFN-␥ production in humans, are CD94 high . However, the density of CD94 surface expression on the CD56 dim NK-cell population segregated CD94 high and CD94 low subsets ( Figure 1A ). Accordingly, we refer to 3 human NK-cell subsets in the current study: CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim , which in blood from 14 normal donors accounted for approximately 8%, 53%, and 39% of NK cells, respectively ( Figure 1A ). The density of CD94 surface expression in CD94 low and CD94 high human NK-cell subsets was confirmed by staining identically processed cells from the same donor with an isotype control antibody and gating on the same population, as shown in Figure 1B .
Surface expression of NK receptors often corresponds to NK maturation and function. 12, 13, 22 We therefore examined the expression patterns of several receptors in the aforementioned NK-cell subsets by flow-cytometric analysis ( Figure 2 ). Compared with both the CD94 high CD56 dim and the CD94 low CD56 dim NK-cell subsets, proportionally the CD94 high CD56 bright subset has higher expression of CD117 (P Ͻ .003 for each comparison), CD62L (P Ͻ .001), and CD27 (P Ͻ .001), as well as lower expression of CD16 (P Ͻ .001) and killer immunoglobulin-like receptors (KIRs; KIR2DL1/S1, KIR2DL2/L3, KIR3DL1/S1, KIR2DL3, and KIR3DL1; P Ͻ .05 for each), which are consistent with previous studies showing differential expression of these surface markers between CD56 bright and CD56 dim NK cells. 23, 24 In addition, however, we found that a greater fraction of the CD94 high CD56 bright NK-cell subset expresses NKp44 and CCR7 compared with either of the 2 CD56 dim subsets (P Ͻ .001 for each comparison), which were similar to each other in expression for these 2 molecules. Interestingly, NKG2A appears to be expressed exclusively on the 2 CD94 high subsets (CD94 high CD56 bright and CD94 high CD56 dim ) but absent on the CD94 low subset (CD94 low CD56 dim ). The CD94 high CD56 bright and CD94 high CD56 dim subsets appear to have a minor yet discernable association with NKG2C expression, whereas the CD94 low CD56 dim subset does not. Finally, we noted that the density of surface expression of CD62L, CD2, and all tested KIRs on the CD94 high CD56 dim NK-cell subset is at an "intermediate" level between that seen on the CD94 high CD56 bright NK-cell subset and on the CD94 low CD56 dim NK-cell subset (Figure 2 ). To compare IFN-␥ production from the monokine-activated CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim NKcell subsets circulating in blood, enriched NK cells were costimulated in vitro with IL-12 and IL-18. Intracellular flow analysis was then used to measure IFN-␥ production within each of these subsets, as assessed by the percentage of the IFN-␥ ϩ cells. Consistent with our previous study, 14 we found that the fraction of IFN-␥ ϩ cells was greatest in the CD94 high CD56 bright subset. Notably, when gating on CD56 dim NK cells, the CD94 high CD56 dim subset responded to costimulation by IL-12 and IL-18 with fairly robust IFN-␥ production, whereas the CD94 low CD56 dim subset had negligible IFN-␥ production, virtually lacking any IFN-␥ ϩ cells (Figure 3A left panel; supplemental Figure 2 ). We also noticed that more than half of the CD94 high CD56 dim cells do not produce any INF-␥, which is much like the entire CD94 low CD56 dim NK-cell subset ( Figure 3A left, Figure 3B ). This is in contrast to the CD94 high CD56 bright NK-cell subset where virtually 100% of the cells respond to this costimulus with production of IFN-␥ ( Figure 3B ). ELISA results measuring IFN-␥ secretion from an equal number of the 3 NK-cell subsets stimulated by IL-12 and IL-18 ( Figure 3A right panel) confirmed the data obtained using intracellular flow cytometry. In addition to demonstrating this gradation of IFN-␥ production among these NK subsets, the data also identify an NK-cell subset in fresh blood that is virtually void of any IFN-␥ production, even on costimulation by IL-12 and IL-18, which has been previously described as the strongest monokine stimulus for NK cell IFN-␥ production. Similar results were obtained using ELISA and real-time PCR to analyze IFN-␥ expression of the subsets costimulated with IL-12 and IL-15 when equal numbers of the cells from each of subset were used ( Figure 3C ). To compare capacity of CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets for IFN-␥ production in the context of tumor-host interactions, freshly enriched NK cells were cocultured with K562 tumor cells for 48 hours in the absence of cytokines. Supplemental Figure 3 shows intracellular flow for IFN-␥ indicating that CD94 high CD56 dim NK cells produce significantly more IFN-␥ than CD94 low CD56 dim NK cells after their interaction with tumor cells.
Assessment of cytotoxic activity in CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim subsets
We assessed granzyme B and perforin 1 gene expression among the 3 subsets. The CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim subsets showed a low, intermediate, and high level of expression for both genes, respectively ( Figure 4A-B with the CD94 high CD56 bright and the CD94 low CD56 dim subsets ( Figure 4C ). When we assessed natural cytotoxicity of fresh NK cells against the K562 tumor cell line by a standard 51 Cr release assay, we found that the CD94 high CD56 bright cell subset has much lower cytotoxicity than CD94 high CD56 dim and CD94 low CD56 dim NK subsets, consistent with a previous report comparing CD56 bright and CD56 dim . 15 However, we found no consistent difference in cytotoxic activity between the CD94 high CD56 dim and CD94 low CD56 dim NK subsets. (Table 1 summarizes data from 8 donors.) Likewise, we noted that CD107a expression between these 2 CD56 dim NK subsets is not statistically significant when undergoing natural cytotoxicity against K562 target cells (not shown). This similarity in natural cytotoxicity could in part be related to the nearly equivalent amounts of major triggering receptors (eg, NKp30) expressed on the surface of these 2 CD56 dim subsets as noted in Figure 2 , despite significantly lower amounts of intracellular perforin and granzyme B in the CD94 high CD56 dim population.
In the presence of IL-12, the CD94 high CD56 dim NK-cell subset has greater STAT4 phosphorylation than the CD94 low CD56 dim NK-cell subset Next, we pursued the molecular mechanisms by which the CD94 high CD56 dim NK-cell subset has significantly more IFN-␥ production compared with the CD94 low CD56 dim NK-cell subset. We first purified CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets by FACS, and compared relevant transcript levels within these 2 NK-cell subsets. We found that, in both resting and activated CD56 dim NK cells, the CD94 high CD56 dim NK-cell subset has significantly lower mRNA expression of several KIRs (eg, KIR2DL1, KIR2DL3, KIR2DL4, KIR2DS1, KIR2DS3, KIR2DS4, KIR2DL5A, KIR3DL2, KIR3DL3, and KIR3DS1) compared with the CD94 low CD56 dim NK-cell subset (P Ͻ .05 for each, data not shown), consistent with the level of surface expression determined by flow cytometry (Figure 2 ). Our analysis could not detect significant differences in IL-12R, IL-15R, or IL-18R mRNA expression between the CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets. Real-time reverse-transcription-PCR indicated that there is also no difference between the CD94 high CD56 dim and CD94 low CD56 dim NK-cell subset expression of T-BET, which regulates IFN-␥ production (data not shown). We continued to assess known downstream signaling mediators of IL-12, IL-15, and IL-18 receptors. Although their downstream STAT signaling mediators have been previously shown to play critical roles in positively regulating NK-cell function, especially regarding IFN-␥ production, 25 real-time reverse-transcription-PCR and/or Western blotting demonstrated that there were no differences between the CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets in their expression of total STAT3, STAT4, and STAT5 (Figure 5A-B; and data not shown). We therefore continued by analyzing the activation state of these STAT proteins. There was no difference in STAT3 and STAT5 phosphorylation between the CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets costimulated by IL-12 and IL-15 for 30 minutes. There was also no significant difference in the STAT4 phosphorylation level between CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets in the absence of cytokine stimulation ( Figure 5B ). However, Western blotting showed that the CD94 high CD56 dim NK-cell subset possessed higher STAT4 phosphorylation than the CD94 low CD56 dim NK-cell subset after stimulation by IL-12 alone, IL-12 plus IL-15, or IL-12 plus IL-18 ( Figure 5B-C) . Collectively, the molecular data shown here suggest that the enhanced IFN-␥ production seen within the monokine-stimulated CD94 high CD56 dim NK-cell subset can be explained, at least in part, by its selectively greater phosphorylation of STAT4 in the presence of IL-12.
Discussion
Previously, we and others found that human NK cells could be separated into 2 functionally distinct subsets based on the surface density of CD56 (ie, CD56 bright and CD56 dim ). CD56 bright NK cells are highly proliferative and produce abundant cytokines in response to monokine costimulation with little natural cytotoxicity at rest, whereas CD56 dim NK cells proliferate poorly and are inefficient at cytokine production, yet have potent natural and antibodydependent cytotoxic activity. 14, 15 There has been controversy as to whether these 2 NK-cell subsets are each terminally differentiated or whether the CD56 bright NK cell ultimately differentiates into the CD56 dim NK cell. In the current study, we hypothesized that, if there is a continuum of differentiation along the NK-cell lineage from CD56 bright to CD56 dim , then a functional intermediary found in vivo between these 2 NK cells should be realized. Indeed, here we report that surface density of CD94, a receptor that first appears at stage IV during NK-cell development in SLT, 13 could be used to further dissect the CD56 dim NK-cell subset into CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets. Supporting a model in which developmental progression occurs from CD94 high CD56 bright NK cell to CD94 high CD56 dim NK cell and finally to the CD94 low CD56 dim NK cell, we found a successive and significant decrease in cytokine-mediated proliferation (not shown) and IFN-␥ production, an increase in granzyme B and perforin 1 expression, and CD94-mediated redirected killing, whereas the latter 2 subsets showed no significant difference in natural cytotoxic activity at rest. The significant difference in cytokinemediated IFN-␥ production noted between the CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets could be mechanistically explained by the magnitude of STAT4 phosphorylation in response to IL-12. Hence, by quantifying surface density of CD94 on the CD56 dim NK-cell subset, we have been able to identify an NK-cell intermediary that functionally sits between the previously described CD56 bright NK cell and the CD56 dim NK cell in blood, supporting the notion that, in humans, the CD56 bright NK cell does indeed differentiate into a CD56 dim NK cell in vivo. In mice, Smyth et al described the CD27 high NK cells as producing more IFN-␥ and possessing higher cytotoxicity than CD27 low NK cells. 24, 26 The van Lier group found that CD27 ϩ human NK cells are mainly from the CD56 bright subset, 24 which we confirmed in this study, and secrete much more IFN-␥ than CD27 Ϫ NK cells. CD27 Ϫ NK cells were largely CD56 dim and show stronger cytotoxicity than CD27 ϩ NK cells. To test whether there is a functional intermediary between CD56 bright and CD56 dim in humans, we chose to use CD94 surface expression, given our earlier studies pointing to the relevance of CD94 surface expression to human NK-cell development. 13 NK receptors are tightly linked to NK-cell development and function. 12, 13, 22 Compared with CD56 dim NK cells, CD56 bright NK cells have higher surface expression of CD117, the receptor of stem cell factor also found on the hematopoietic precursor cell, as well as CD62L and CD27; the CD56 bright NK-cell subset has lower expression of cytotoxicity receptors CD16 and KIR, suggesting that CD56 bright NK cells may represent an earlier stage of NK-cell development, if not a terminal stage. 27 Indeed, in an experimental system, CD56 bright NK cells have been reported to differentiate into CD56 dim NK cells through contact with peripheral fibroblasts. 16 Interestingly, when CD94 high CD56 bright , CD94 high CD56 dim , and CD94 low CD56 dim NK-cell subsets were compared with each other in our study, the CD94 high CD56 dim subset expressed an intermediate level of some surface markers, consistent with our notion of a differentiation pathway whereby CD94 high CD56 bright NK cells develop into CD94 high CD56 dim first and then terminally differentiate into CD94 low CD56 dim NK cells. In agreement with this, we demonstrate that the expression level of "immature" NK cell marker CD62L on CD94 high CD56 dim NK cells is lower than is seen on CD94 high CD56 bright NK cells but higher than that seen on CD94 low CD56 dim NK cells. Likewise, as demonstrated in this study, CD94 high CD56 dim NK cells are "bifunctional" in that they retain some ability to produce IFN-␥ (albeit it less than the CD94 high CD56 bright NK-cell subset on a per-cell basis) yet still have an intermediate level of CD94-mediated redirected killing and a high level of natural cytotoxicity compared with the CD94 low CD56 dim NK cells that have virtually no ability to proliferate (not shown) or secrete IFN-␥. The fact that only approximately half of the CD94 high CD56 dim NK cells can produce IFN-␥ in response to IL-12 and IL-18 (compared with the CD94 high CD56 bright NK cells which all produce IFN-␥) is again in keeping with this notion of a continuum along a pathway of NK-cell differentiation. The same analogy that has been made for IFN-␥ secretion among these 3 subsets can be made for NK-cell proliferation (not shown).
The significantly higher surface expression of CD62L that is noted on the CD94 high CD56 dim NK-cell subset compared with the CD94 low CD56 dim NK-cell subset probably allows the former subset to traffic into SLT via high endothelial venules where it may undergo activation to secrete IFN-␥ by interaction with IL-12-secreting dendritic cells. The significantly lower expression of CD62L on CD94 low CD56 dim NK cells probably limits their ability to traffic into SLT for activation with dendritic cells. Thus, the correlation between intermediate CD62L expression on the CD94 high CD56 dim NK-cell subset and its intermediate ability to secrete IFN-␥ in response to IL-12-secreting dendritic cells is probably more than coincidental. The CD56 bright NK cell has the highest CD62L expression, along with high CCR7 expression, and this probably contributes to its predominance in SLT compared with its relatively minor presence in blood. 28, 29 In attempting to explain the difference in cytokine-mediated IFN-␥ secretion seen between the CD94 high CD56 dim and CD94 low CD56 dim human NK cells, we excluded differences in monokine receptor gene expression or differences in activated STAT3 or STAT5, both of which mediate IL-15 signaling and the former of which can also mediate IL-18 signaling. [30] [31] [32] We discovered that STAT4 phosphorylation, induced by the potent IFN-␥ stimulus IL-12, 33 is significantly greater in the CD94 high CD56 dim NK-cell subset compared with the CD94 low CD56 dim NK-cell subset. This difference in STAT4 activation may be the result of varied intracellular levels of a STAT4 kinase or phosphatase, and this will require further study.
Another explanation for our findings could relate to CD62L expression, which parallels CD94 expression in that it is highest on CD94 high CD56 bright NK cells and moderately high on CD94 high CD56 dim NK cells yet is significantly lower on CD94 low CD56 dim NK cells. Activation signals within SLT, possibly induced or amplified by NK-cell IFN-␥ secretion, may contribute to continued CD62L expression and NK retention within or migration to SLT. As activation within SLT subsides, CD62L expression would diminish and retention within or migration to SLT would cease. Indeed, in the absence of continued stimulation from monokines found within activated SLT, transcription factors that induce NK cytokine production such as TBET may diminish. 21 In this model, the gradual decrease in migration in and out of SLT, as dictated by CD62L expression, would contribute to a decrease in cytokineinduced NK-cell activation and continued NK-cell differentiation.
In conclusion, we used CD94 surface density on human NK cells to identify a phenotypic and functional intermediary that exists between the previously defined CD56 bright and CD56 dim NK-cell subsets. The ex vivo characterization of the CD94 high CD56 dim and CD94 low CD56 dim NK-cell subsets lends further support in favor of an in vivo continuum of NK-cell differentiation from the CD56 bright NK cell that predominates in SLT to the CD94 low CD56 dim NK cell that predominates in blood. The signals promoting the process of NK-cell differentiation probably reside within SLT but will require additional study for elucidation.
